ABSTRACT. This study evaluated the effect of counterions on the physicochemical properties of prazosin salts. Salt forms of prazosin, namely, mesylate, besylate, tosylate, camsylate, oxalate, and maleate, were prepared and compared with the marketed anhydrous and polyhydrate forms of prazosin hydrochloride. Physicochemical characterization was performed in the order of crystallinity, hygroscopicity, solubility, and stability to select the optimal salt(s). Permeability study in Caco-2 cell lines and in vivo bioavailability study in rat model were investigated to ascertain their biopharmaceutical advantage. All salt forms were crystalline, nonhygroscopic (except the anhydrous hydrochloride salt), and had solubility in the range of 0.2 to 1.6 mg/ml. All salts were physically and chemically stable at 40°C/75% relative humidity, but degraded in UV-visible light, except the anhydrous hydrochloride salt. Prazosin mesylate was selected as the optimal salt, as it possessed higher solubility, permeability, and bioavailability, compared to the commercial hydrochloride salts. Hydrochloride salt is reported to have poor bioavailability that is partially attributed to its low solubility and extensive common-ion effect in the gastric region. Factors like hydrophilicity of the counterion, hydration state of the salt, and melting point of the salt contribute to the physicochemical properties of the salts. This study has implications in the selection of an optimal salt form for prazosin, which is suitable for further development.
INTRODUCTION
Salt formation is an acid-base reaction, involving either a proton transfer or neutralization reaction, and affects a range of physicochemical and biopharmaceutical properties, including solubility, hygroscopicity, and stability (1) (2) (3) (4) (5) (6) (7) . The salt selection process, therefore, is an integral part of the preformulation activities during early stages of drug development. A tiered approach is generally adopted for salt screening to enable phase studies, thus economizing on the time and compound requirements (8, 9) . Prazosin ( Fig. 1 ) is an α 1 adrenergic blocker used in the treatment of hypertension. It is also useful in the treatment of Raynaud's disease and benign prostatic hyperplasia (10, 11) . Commercially, anhydrous and polyhydrate forms of the hydrochloride salt, with a water content of 2% and 8-15%, respectively, are available (12) . However, the polyhydrate form of prazosin hydrochloride has low solubility (1 mg/ml) and is photodegradable (13) . Similarly, the anhydrous hydrochloride form converts to the more stable polyhydrate form in aqueous solution as well as at high humidity (14) . This justifies the need to screen for alternate salt forms of prazosin.
The present work evaluates the effect of counterions on the properties of prazosin. Correlation between the physicochemical properties of prazosin salts and the properties of corresponding counterions is also envisaged in this manuscript.
MATERIALS AND METHODS

Materials
Prazosin hydrochloride anhydrous (PRB HCl A) and prazosin hydrochloride polyhydrate (PRB HCl P) were purchased from Synthokem Laboratories, India and used as supplied. Methanesulfonic acid A.R. and toluenesulfonic acid A.R. were purchased from Acros Organics, USA. Camphorsulfonic acid (±) A.R. and oxalic acid A.R. were purchased from Aldrich, USA. Benzenesulfonic acid A.R. and maleic acid A.R. were obtained from Merck, Germany. All other chemicals used were of analytical grade.
2.5 M sodium hydroxide. Prazosin, at this pH, exists as unionized species, with a low intrinsic aqueous solubility of 3.2 μg/ ml at 25°C (15) . Precipitates of PRB were collected by filtration. Conversion to PRB was confirmed by the negative chloride test in the precipitated solid. The identity of PRB was further confirmed by differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), 1 H nuclear magnetic resonance (NMR), and elemental analysis.
PRB was dispersed in acetonitrile/water (4:1), followed by the addition of counterion (1:1.5, molar equivalent drug/ counterion) dissolved in acetonitrile/water (4:1). In all cases, white precipitate of the corresponding salt ensued immediately, which was slurried overnight in Ultrapure® water to generate the most stable hydrate form. Slurry was filtered, airdried, and characterized by elemental analysis, 1 H NMR, powder X-ray diffraction (PXRD), and DSC/TGA to confirm salt formation.
Mass Spectrometry
Mass spectrographs of prazosin salts were obtained by LCQ Mass Spectrometer (Finnigan MAT, UK) in atmospheric pressure chemical ionization mode, with an inner temperature of 200°C. Samples were dissolved in methanol, filtered (0.45 μm membrane filter), and analyzed in the range of m/z 0-500. Data interpretation was performed using X'Calibur® software.
Head Space Gas Chromatography
Residual solvent was analyzed with a head space gas chromatograph (GC-17A, Shimadzu) equipped with class-GC software, utilizing a capillary column (Chrompack, The Netherlands). Experimental conditions were flame ionization detector (temperature, 300°C); column, G-300 (2 μm); column temperature, 100°C; injection temperature, 250°C; and carrier gas, helium (21 ml/s).
Differential Scanning Calorimetry
Calorimetric response of the sample was measured using DSC (DSC Q2000, TA Instruments, USA), equipped with RCS90 cooling accessory. Prior to analysis, the instrument was calibrated for temperature and heat flow, using high-purity indium. Samples were heated at 20°C/min nitrogen purging (50 ml/min) in pin-holed aluminum pans. Analysis of data was performed with Universal® Analysis software (version 4.5A).
Thermogravimetric Analysis
TGA was performed using Mettler Toledo 851 e TGA/ SDTA, in pin-holed aluminum crucibles at 20°C/min under nitrogen purging (40 ml/min).
Karl Fischer Titrimetry
Water content was determined by Karl Fischer titration, using pyridine-free reagents and the dead-stop method (Karl Fischer titrator 794 Basic Titrino, automatic burette 794 for presentation of solvent, 703 Ti stand, Metrohm AG, CH-Herisau). Analytical grade disodium tartrate dihydrate (15.65% water content) was used as Karl Fischer standard. Sample sizes ranged from 50 to 150 mg. 
Hygroscopicity Study
Prazosin salts were uniformly spread as a thin layer in a Petri dish and kept in sealed desiccators at different humidity conditions: 21% relative humidity (RH; silica gel) and 92% RH (saturated solution of potassium nitrate). Changes in the sample gross weight were recorded after 1 week. Withdrawn samples were analyzed by DSC, TGA, and PXRD to assess any associated solid-state changes.
Solid-State Stability
Physical and chemical stability was performed by keeping 100-200 mg sample at 40°C/75% RH in an open Petri dish for 1 month, followed by analysis using DSC, PXRD, TGA, and highperformance liquid chromatography (HPLC). Photodegradation of samples was also assessed in the photochamber as per the ICH guidelines, by exposing to UV light (200 Wh/m 2 ) and fluorescent light (1.2×10 6 lxh) (16) .
Solubility Study
Solubility of prazosin salts was determined by shake flask method. Briefly, excess salt was suspended in Ultrapure® water, followed by equilibration in shaker water bath for 24 h (37°C; 200 rpm). Supernatant was analyzed by previously mentioned HPLC method. Residual solids were assessed for associated solid-state transitions by DSC and PXRD.
Caco-2 Permeability
Caco-2 permeability was determined using an in-house developed protocol. Preliminary experimentation indicated a high efflux for prazosin, as reported (17). Therefore, a high concentration of prazosin (500 μM) was employed in the permeability experiments. Stock solution was prepared in dimethylformamide/water (4:1), which was later diluted with water to the desired concentration. Concentration of dimethylformamide was kept below 5% v/v. Permeability studies were conducted under pH gradient condition (apical, 6.8; basolateral, 7.4).
Bioavailability Study in the Rat Model
All animal experiments were performed in accordance with the Committee for the Purpose of Control and Supervision on Experiments on Animals guidelines. Experimental protocol was approved by the Institutional Animals Ethics Committee (IAEC/11/39). Male Sprague-Dawley rats (225-250 g body weight) were kept on fasting for 12 h before the start, with free access to water before and during the experimentation. Prazosin salts were suspended in double-distilled water and administered at a dose of 10 mg/kg of rat body weight via oral gavage. Drug suspension (0.5 ml) was administered to the rats, at zero time point. Initial particle size of salts was controlled by sieving to achieve comparative particle size distribution. Particle size in the final formulations was also comparable, in the range of 5-25 μ.
Prazosin salts were suspended in double-distilled water and administered at a dose of 10 mg/kg of rat body weight via oral gavage. Approximately 0.5 ml of blood samples were collected from retro-orbital plexus after 0.25, 0.5, 1, 1.5, 2, 3, 5, and 8 h in heparinized microcentrifuge tubes. Plasma was separated immediately by centrifugation at 10,000 rpm for 5 min at 4°C and stored at −20°C until it was processed and analyzed. Plasma samples were extracted with acetonitrile and quantified by a validated HPLC-RF method. Analysis was performed on Lichrospher® CN column (5 μm, 250×4.6 mm; Merck). The mobile phase consisted of a mixture of methanol/water/glacial acetic acid (43:57:0.5 v/v/v), adjusted to pH 5.0 with diethylamine. Flow rate was kept at 1 ml/min. Fluorescence detector was set at λ ex /λ em of 246/389 nm. Column temperature was kept at 30°C and the injection volume was 20 μl. Prazosin was quantified by the ratio of the peak area of prazosin to that of carbamazepine (internal standard).
Mean plasma profiles were generated and the standard noncompartmental pharmacokinetic parameters were calculated using Kinetica® pharmacokinetics software. Statistical comparisons were performed using SigmaStat® for Windows Version 2.03 (SPSS Inc.). Statistical testing between two mean values, at the 5% level of significance, was performed using two-sided unpaired t test.
RESULTS AND DISCUSSIONS
Physicochemical Properties of PRB and PRB HCl Table I shows the physicochemical properties of PRB and PRB HCl salts. PRB, PRB HCl A, and PRB HCl P were all crystalline in nature. PRB and PRB HCl A showed a melting onset at 264°C and 284°C, respectively ( Fig. 2 ; Table II ). In contrast, PRB HCl P showed an initial dehydration endotherm at 60-160°C, followed by recrystallization and finally the melting of stable anhydrate form at 272°C (onset).
PRB was nonhygroscopic at 21-92% RH. PRB HCl A converted to PRB HCl P at 92% RH. Conversion of PRB HCl A to PRB HCl P was further confirmed by slurrying with water, wherein the irregular crystals of PRB HCl A converted to needles of PRB HCl P arranged in a lamellar fashion (Fig. 3) , as reported by Bianco (18) . In contrast, PRB HCl P was nonhygroscopic at high RH, but converted to the corresponding PRB HCl dihydrate at 21% RH. We recently demonstrated that PRB HCl P is a nonstoichiometric hydrate, which reversibly exchanges water to convert from PRB HCl dihydrate to PRB HCl P (19) .
Solubility of PRB, PRB HCl A, and PRB HCl P followed the order: PRB HCl A>PRB HCl P>PRB. Higher solubility of PRB HCl salts, compared to PRB, is attributed to the contribution of ionization of the drug. Solubility of PRB HCl A is initially higher, but reduces to the level of PRB HCl P due to conversion to the corresponding hydrate salt.
PRB, as well as PRB HCl P, showed photodegradation (Table III) , unlike PRB HCl A, which remained unaffected by UV-visible light, as reported by Bianco (18) .
Preparation and Characterization of Salts of Prazosin
Prazosin is a weakly basic drug, with a reported aqueous pK a of 6.8 (14, 20) . Speciation profile and the established rule of 2-3 pK a difference between the drug and the counterion (21) were considered for salt formation. Acidic counterions having pK a below 4, like methanesulfonic acid (pK a , −1.2), benzenesulfonic acid (pK a , 0.7), toluenesulfonic acid (pK a , −1.34), and camphorsulfonic acid (pK a , 2.0) were selected for salt formation. Aliphatic organic carboxylic acid counterions, namely, maleic acid (pK a , 1.92; 6.23) and oxalic acid (pK a , 1.2) were also evaluated to assess the effect of organic counterions on the physicochemical properties of prazosin. Solid-state characterization of prazosin salts is shown in Table II . All salt forms were obtained as hydrates, except PRB CSA which was obtained in anhydrous form. All hydrate salts showed a characteristic endotherm in the 60-160°C range due to water loss, as determined by TGA and Karl Fischer analysis. Hydrate salts (Fig. 4 ) underwent recrystallization after initial water loss, followed by melting of the stable anhydrate form along with degradation. In contrast, PRB OA showed polymorphic transformation, as indicated by two melting events observed in the DSC thermogram.
Physicochemical Evaluation of Prazosin Salts
Prepared prazosin salts were evaluated for the physicochemical properties of crystallinity, hygroscopicity, solubility, and stability in a tiered manner (Table III) . All salt forms were crystalline in nature. Moreover, all prazosin salts were physically stable at higher humidity, except PRB MEA, which converted to the dihydrate form. Solubility of prazosin salts varied in the range of 0.2-1.6 mg/ml. Among the salts, PRB MES had the most optimal properties, in terms of being nonhygroscopic and with the highest solubility. All salt forms were physically and chemically stable at accelerated stability condition of 40°C/75% RH. However, all salts showed significant photodegradation, except for PRB HCl A (Table III) .
Comparative Physicochemical Profiling of the Optimal Salt
On the basis of preliminary physicochemical characterization, PRB MES was selected as the optimal salts. Polymorph screening of PRB MES by methods, including solvent recrystallization and reaction crystallization method (data not shown), established the monohydrate form of PRB MES as the most stable form. Figure 5a , b shows the pH solubility profile and solubility as a function of time, respectively, in comparison to PRB HCl A and PRB HCl P. It could be observed that PRB MES showed higher solubility, compared to PRB and PRB HCl A. This could be advantageous in terms of the resulting higher bioavailability for PRB MES. The intrinsic dissolution rate of PRB MES was also evaluated and was observed to be higher, compared to the hydrochloride salt (1.01 vs. 0.88 mg/min/cm 2 ). Permeability coefficients of prazosin salts were further determined from the slope of cumulative concentration vs. time curve. The permeation rate of prazosin salts through the Caco-2 monolayer was linear over the period of study (120 min). PRB MES depicted higher permeability, compared to other salts, correlating with the trend in their solubility as: PRB MES>PRB HCl P>PRB CSA. However, no statistically significant difference in the permeability of prazosin salts was observed across the apical to basolateral side (Table IV) .
The basolateral to apical transport of salts was statistically significantly (P<0.001; Student's t test) higher for all the salts, compared to the apical to basolateral transport. This may be attributed to the active efflux of prazosin by P-glycoproteins, thus reducing the permeability from the apical to the basolateral side (22) . Figure 6 and Table V depict the pharmacokinetics data for PRB HCl P and PRB MES MH. PRB MES MH showed greater area under the curve, compared to PRB HCl P (P < 0.001). This could be attributed to the higher solubility of PRB MES MH, compared to PRB HCl P. Common-ion effect is reported to reduce the bioavailability of hydrochloride salts of active pharmaceutical ingredients (23) (24) (25) . It has also been reported that the nonhydrochloride salts may show higher solubility and thus higher bioavailability in the chloride-rich physiological media. Bogardus and Blackwood reported that the dissolution rate of doxycycline hydrochloride in 0.1 M HCl was reduced due to the common-ion effect, whereas the dissolution rate of nonhydrochloride doxycycline salt remains unaffected (23). Engel et al. observed that the mesylate salt of basic drugs showed higher bioavailability, compared to the hydrochloride salts (24) . Prazosin hydrochloride salt shows extreme chloride ion dependence, with its solubility reducing from 1.4 to 0.037 mg/ml, in 0.1 M HCl (5). The higher bioavailability of PRB MES, compared to PRB HCl P, is thus attributed to higher solubility of the former, as well as the absence of the common-ion effect.
Effect of Counterion on the Properties of Prazosin Salts
Effect of Counterion on Melting Point of Prazosin
Melting point (in degrees Celsius; onset) of prazosin salts followed the trend: PRB MEA (237)<PRB OA (254)<PRB MES (267)∼PRB HCl P (272)<PRB HCl A (284)<PRB TSA (300)<PRB BSA (316)<PRB CSA (332). The melting point of stronger sulfonate and hydrochloride salt is higher, compared to the weaker organic maleate (PRB MEA) and oxalate salts (PRB OA). Sulfonate counterions are likely to show greater intramolecular as well as intermolecular interaction due to their stronger capability to form hydrogen bonding, electrostatic interactions, or steric effects. Thus, sulfonates are likely to show stronger interactions in the crystal lattice, resulting in higher melting points (26) . A similar reasoning applies to PRB HCl, which has strong electrostatic interactions as well as hydrogen bonding capability. In contrast, the flexible aliphatic acid counterions like maleic and oxalic acid (PRB OA and PRB MEA salts) would have relatively weaker interactions in the crystal lattice. Tables I and III show the solubility of prazosin salts. The solubility of prazosin salts varied from 0.2 to 1.6 mg/ml. PRB MES showed higher solubility, compared to commercial PRB HCl A and PRB HCl P. The solubility of salts followed the order: PRB MEA∼PRB OA<PRB CSA<PRB TSA<PRB BSA<PRB HCl P∼PRB HCl A<PRB MES.
Effect of Counterion on Solubility of Prazosin
Generally, a decrease in salt solubility accompanies an increase in melting point, which is partially attributed to higher crystal lattice energy for salt with higher melting point. Agharkar et al. studied the solubility of salts for the antimalarial drug α-(2-piperidyl)-3,6-bis(trifluoromethyl)-9-phenanthrene methanol. They attributed the lower solubility of hydrochloride and sulfate salts partly to their higher melting point, compared to lactate and 2-hydroxyethane-1-sulfonate salts (27) . Gould also demonstrated a linear relationship between log 10 solubility and a reciprocal relationship of absolute melting temperature (5). In contrast, Gu and Strickley found no correlation between the melting point and solubility of sodium and tris(hydroxymethyl)aminomethane salts of four analgesic/anti-inflammatory agents (28). Anderson and Conradi evaluated the solubility of six ammonium salts of flurbiprofen, differing in the hydrophobicity of counterion. Solubility correlated with the melting point of salts, but the most hydrophilic tromethamine salt ranked third in terms of solubility (29) . Similarly, Chowhan evaluated sodium, potassium, magnesium, and calcium salts of four carboxylic acids and observed that no correlation between the melting point and solubility of the salt could be established (30) . Figure 7 shows the solubility of prazosin salts as a function of their melting points. No general correlation between the solubility of salts and their melting points, however, could be deduced, possibly due to the simultaneous involvement of the number of variables, like hydration energy and hydration state of the solid form. This behavior is similar to the previously reported studies, wherein the establishment of correlation between the solubility and melting point of the salt has been only partly successful (5, (27) (28) (29) (30) . However, in stronger prazosin sulfonate salts like prazosin mesylate, prazosin besylate, and prazosin camsylate, however, solubility generally decreased with an increase in melting point of the salt.
Apart from the melting point of the salt, the hydration potential of the counterion is an important factor governing salt solubility. This behavior explains the overall trend in the solubility of sulfonate salts of prazosin, which follows the solubility (in milligrams per milliliter) behavior of corresponding counterions: MES (5,000)>BSA (930)>TSA (670)>CSA (100). On a similar basis, the solubility of PRB BSA, PRB CSA, and PRB TSA is lower, compared to the more hydrophilic mesylate counterion in PRB MES. Introduction of bulkier hydrophobic group in the structure reduces their interaction with water. This is in agreement with a previously reported study, wherein sulfonic acid salts with a moderate number of hydrocarbons, namely, bisulfate, mesylate, and besylate had favorable interaction with water. In contrast, counterions with larger, more hydrophobic structure, e.g., besylate and tosylate, had limited interaction with water (31) .
The hydration state of the salt in solid state also affects its interaction with water and thus the corresponding solubility. Rubino evaluated the sodium salt of a range of drugs and observed that the salts forming crystal hydrates have lower solubility, compared to their anhydrous counterparts (32) . The lower solubility of PRB HCl P compared to PRB HCl A could, thus, be attributed to this phenomenon, in spite of the higher melting point of the latter.
CONCLUSION
The present study evaluated an effect of counterions on the physicochemical properties of prazosin salts. Mesylate and camsylate salts of prazosin showed optimal properties, compared to other prazosin salts. Bioavailability study, using the rat model, indicated mesylate salt to have a higher bioavailability, compared to the marketed hydrochloride salts. Correlation of the solubility of salts with their structural attributes depicted an influence of parameters, including lattice energy, hydration energy, and solid-state hydration, on the solubility of salt. Declaration of Interest The authors report no conflict of interest. The authors alone are responsible for the content and writing of the paper.
